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Mutation and apoptosis are P

well-coordinated for protecting against DNA
damage-inducing toxicity in Drosophila
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Abstract

Background Apoptotic cell death is an important survival system for multicellular organisms because it removes
damaged cells. Mutation is also a survival method for dealing with damaged cells in multicellular and also unicellular
organisms, when DNA lesions are not removed. However, to the best of our knowledge, no reports have comprehen-
sively explored the direct relationship between apoptosis and somatic cell mutations induced by various mutagenic
factors.

Results Mutation was examined by the wing-spot test, which is used to detect somatic cell mutations, including
chromosomal recombination. Apoptosis was observed in the wing discs by acridine orange staining in situ. After
treatment with chemical mutagens, ultraviolet light (UV), and X-ray, both the apoptotic frequency and mutagenic
activity increased in a dose-dependent manner at non-toxic doses. When we used DNA repair-deficient Drosophila
strains, the correlation coefficient of the relationship between apoptosis and mutagenicity, differed from that of

the wild-type. To explore how apoptosis affects the behavior of mutated cells, we determined the spot size, i.e, the
number of mutated cells in a spot. In parallel with an increase in apoptosis, the spot size increased with MNU or X-ray
treatment dose-dependently; however, this increase was not seen with UV irradiation. In addition, BrdU incorporation,
an indicator of cell proliferation, in the wing discs was suppressed at 6 h, with peak at 12 h post-treatment with X-ray,
and that it started to increase again at 24 h; however, this was not seen with UV irradiation.

Conclusion Damage-induced apoptosis and mutation might be coordinated with each other, and the frequency of
apoptosis and mutagenicity are balanced depending on the type of DNA damage. From the data of the spot size and
BrdU incorporation, it is possible that mutated cells replace apoptotic cells due to their high frequency of cell division,
resulting in enlargement of the spot size after MNU or X-ray treatment. We consider that the induction of mutation,
apoptosis, and/or cell growth varies in multi-cellular organisms depending on the type of the mutagens, and that
their balance and coordination have an important function to counter DNA damage for the survival of the organism.
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Introduction

There are numerous DNA-damaging factors in the envi-
ronment of organisms, including substances in food, air
and water, and physical factors, such as ultraviolet (UV)
light and X-rays. As the primary defense system against
the many accidental lesions that occur continually in
DNA, organism possess multiple DNA repair pathways
to maintain the genetic stability for its survival. Under
normal circumstances, damage that occurs in DNA is
efficiently repaired by native DNA repair systems accord-
ing to each type of damage [1-5]. When the DNA dam-
age cannot be repaired, the cells seem to either survive
by compensating for the lesion, or undergo cell death.
For multicellular organisms, apoptotic cell death is con-
sidered to be an important repair system, because an
organism can survive if the damaged cells are removed.
This is known as apoptotic repair [6, 7]. Mutation is also
a survival method for dealing with damaged cells when
DNA lesions that cause replication fork stalling are not
removed. The balance between apoptosis and mutation
appears to play an important role in mutagenesis lead-
ing to carcinogenesis in multicellular eukaryotes, and the
efficacy of DNA repair is thought to be a critical factor in
this process.

Drosophila melanogaster is widely used as a model
organism to examine the biological events including
DNA-damage response, because many investigations
with this insect were performed more than one cen-
tury and it has been proved that it has many orthologue
genes to human and other mammals [8—11]. Drosophila
undergoes a complete metamorphosis from egg, larva,
pupa to adult fly. As frequent cell division occurs only at
the stage of embryo and at the cells composing imaginal
discs, which are larval organs developing to adult tissues
such as wings, eyes, legs and so on [12]. The cells com-
posing adult flies do not proliferate except for stem cells.
The cell division during development is stopped at pupal
stage and then metamorphosis occurs due to apoptosis
known as programed cell death, which occurs in the no
relationship with DNA damage by mutagens, to develop
from pupa to adult fly [13]. To observe the mutagenic
process induced by DNA damaging factors, the treat-
ment with them is restricted at either the embryonic or
larval stage. The Drosophila wing-spot test [14] is known
to be a short-term, sensitive, and non-mammalian in vivo
test method for examining the effects of genotoxins and
mutagens in the environment. It relies on the induction of
genetic damage in dividing wing disc cells in Drosophila
third instar larvae, which can be easily observed on the
adult wings as mutant wing spots. In this mutation test,
we can detect the somatic cell mutations including chro-
mosomal recombination, non-disjunction, segmental
chromosomal deletion and gene mutations. Furthermore,
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the behavior of the mutated cells can be examined by
counting the number of mutated cells contained in a spot
as the spot size, which indicates the frequency of mutated
cell division [14]. In addition, Drosophila-based research
has the advantage of using many kinds of genetic strains
such as DNA repair-deficient strains and oxidative dam-
age sensitive strains. The use of DNA repair-deficient
strains will allow us to study the effect of DNA repair sys-
tems on mutagenesis and apoptosis after the treatment of
DNA damaging factors. So far, we have been proved the
mutagenic activities and DNA damage induced by vari-
ous factors such as X-ray, sunlight, UV light and many
chemical mutagenic carcinogens, using the Drosophila
wing-spot test.

It is well-documented that apoptosis, as a programmed
cell death process, plays important roles in the develop-
ment of multicellular organisms including Drosophila
[13]. Moreover, the knowledge is accumulated that apop-
tosis is also induced by DNA damage [15, 16]. Recently,
Baonza et al. reviewed about the genetic regulation lead-
ing to either apoptosis or non-apoptosis corresponding
to the DNA damage induced by ionizing radiation in
Drosophila [17]. However, to the best of our knowledge,
no reports have comprehensively explored the direct
relationship between apoptosis and somatic cell muta-
tions induced by DNA damage. We investigated the
relationship between apoptosis and mutation using Dros-
ophila melanogaster, as apoptosis and mutation can both
be examined in the same organ, i.e., larval wing discs.

The detection of apoptosis is performed by various
methods that are applicable to any organism, includ-
ing the detection of morphological changes, i.e., cell
shrinkage, chromatin condensation and nuclear frag-
mentation, the detection of DNA fragmentation by the
TdT-mediated dUTP-biotin nick end-labeling (TUNEL)
assay targeting 3’-OH ends following DNA breaks, the
DNA ladder assay showing inter-nucleosomal fragmenta-
tion, the comet assay, immunohistochemistry detecting
apoptosis-related substances, such as p53, annexin V and
caspase 3 [18, 19], and the acridine orange (AO)-staining
method [20, 21]. Arama and Steller have reported the
use of a TUNEL assay and AO staining to detect apop-
tosis in Drosophila embryos and adult male gonads [22].
In the present study, we examined several methods, and
selected the AO-staining method to be the most appro-
priate for the detection of apoptosis in larval wing discs,
which are used for the detection of somatic cell muta-
tions in the wing-spot test [14].

To investigate the correlation between apoptosis and
mutation, we observed the apoptosis and mutation induced
by several chemical mutagens, UV light, and X-ray accord-
ing to the scheme shown in Fig. 1. Moreover, it is well
known that DNA repair system plays important roles in
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mutagenic process [1] and also apoptotic process is regu-
lated by DNA repair [16, 17]. Therefore, we examined how
the DNA repair pathway influences apoptosis and mutation,
and how apoptosis affects the behavior of mutated cells.

Materials and methods

Drosophila strains

To detect somatic cell mutations, the wing-spot test was
performed using repair-proficient strains (y; mwh j v and
y; Dp(L;3)sc’*, y* flr/TM 1, Mé ri shd?) and repair-deficient
strains (cn® mus201°%; mwh jvand cn® mus201P%; ﬂrg/
TM2, Ser) as described below. The mus201°! mutants
(abbreviated as mus201) [23] are a set of analogs of the
excision-defective XPG cell lines, which were gifts from
Dr. H. Ryo (Osaka University, Suita, Japan). The genes
mwh and flr are recessive markers of wing hair, and
homozygotes of these genes show multiple wing hairs
and flare hairs, respectively. The sc z! w*™2/C(1)DX, y f
strain (abbreviated as mei™), which is a repair-proficient
strain, the sc z! wt™® mei-9"/C(1)DX, y f strain (abbre-
viated as mei-9) consisting of nucleotide excision repair
(NER)-deficient males (XPF homologue), and the sc z
wr T mei-41°5/C(1)DX, y f strain (abbreviated as mei-
41) consisting of ataxia telangiectasia and Rad3-related
protein (ATR)-deficient males that are deficient in post-
replication repair were kindly provided by Dr. H. Frei

control
Fig. 1 The experimental scheme of this study. Drosophila third instar larvae were treated with various factors. Wing discs were dissected from a
portion of the larvae at different time points post-treatment, and apoptosis was scored. The remaining larvae were kept at 25 °C until they reached
adulthood, then the colonies consisting of mutated cells were identified as spots on the wings

treated

and Dr. U. Graf (University of Zurich, Schwerzenbach,
Switzerland). The mei-9 mutant was established by Boyd
et al. as a mutant defective in the excision of UV-induced
pyrimidine dimers [24]. The mei-41 mutant was charac-
terized to be post-replication repair-deficient by Boyd
and Setlow [25]. The mei-41 gene has been identified as
an ATR ortholog gene [26, 27]. C(1)DX is an attached X
chromosome with wild-type alleles of mei-9* and mei-

417, A urate-null strain carrying the mutant allele ma-
[ that is sensitive to oxidative damage due to the lack of
xanthine dehydrogenase activity, and thus has a urate-
null phenotype [28], and Oregon-R, which was used as a
control wild-type strain, were kindly provided by Dr. H.
Ryo (Osaka University, Suita, Japan). These genotypes
have been described by Lindsley and Zimm [29].

Treatment of Drosophila larvae

Drosophila third instar larvae were treated in a plastic
petri dish (PD-45, 50 mm in diameter, 11 mm in height;
Advantec, Tokyo, Japan) containing 1.5 mL of a 0.25 M
sucrose solution.

For the treatments with chemical mutagens, N-nitros-
odimethylamine =~ (NDMA),  N-nitrosodiethylamine
(NDEA), N-methyl-N-nitrosourea (MNU), N-ethyl-N-ni-
trosourea (ENU), and aflatoxin B; were used. NDMA
and NDEA were purchased from Tokyo Kasei Co., Ltd.
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(Tokyo, Japan), ENU and aflatoxin B; were purchased
from Sigma-Aldrich (St. Louis, MO, USA), and NMU
was purchased from Nacalai Tesque (Kyoto, Japan). Third
instar larvae were soaked in a 0.25 M sucrose solution
containing NDMA or NDEA for 3 h, or MNU, ENU, or
aflatoxin B, for 6 h, as described previously [30].

The experiments on the exposure to tobacco smoke
were performed according to our previous reports using
an oxidative stress-sensitive Drosophila strain [31-33].
Approximately 500 third instar larvae in 0.25 M sucrose
were placed in a plastic box with a nylon mesh cover,
and were continuously exposed to tobacco smoke from
three burning cigarettes for 6 h at 25 °C in an incubator
(IJ300W, Yamato Scientific Co., Ltd., Tokyo, Japan).

UV-light irradiation was performed according to our
previous reports [34, 35]. Four fluorescent-light lamps
(FL 20SE, Toshiba, Tokyo, Japan) were used for the irra-
diation of polychromatic UVB light (wavelength: 300 to
400 nm, peak: 312 nm). The fluence (UV dose) was meas-
ured by a UVX-31 sensor attached to a UVX radiometer
(UVP, Upland, CA, USA). Monochromatic UV-light irra-
diation (310, 320, 330, 340, and 360 nm) was carried out
using the Okazaki Large Spectrograph at the National
Institute for Basic Biology at Okazaki, Japan. The flu-
ence was measured with a photon density meter, HK-1,
that was manufactured by the Institute for Physical and
Chemical Research (Wako, Saitama, Japan).

X-ray irradiation was performed according to our pre-
vious reports [36, 37] at non-toxic doses from 0 to 15 Gy
using a Hitachi X-ray generator (MBR-1505R, Hitachi
Medical Co., Tokyo, Japan) at 140 kV and 40 mA with a
1.0-mm Al filter at the Kindai University Atomic Energy
Research Institute (Higashiosaka, Osaka, Japan).

Wing-spot test

To detect somatic cell mutations, we performed the
wing-spot test (somatic cell mutation and recombination
test; SMART) established by Graf et al. [14] with slight
modifications according to the methods described by
Goto et al. [30]. In the wing-spot test, wild-type heterozy-
gous larvae (mwh/flr) were prepared by mating virgin
mwh females with flr/TM1 males. The third instar larvae
were collected at 72 to 96 h after oviposition. After treat-
ment, larvae that were not to be used for the dissection
of wing discs were reared on standard medium (Formula
4-24, Carolina Biological Supply, Burlington, NC, USA),
and grown until the adult stage. The spots, which result
from a hair shape that differs from the straight wild-type
hairs, were scored on the wings of emerging adult flies.
The wing-spot test that is linked to the DNA repair test
was carried out according to our previous study using the
mei-9 or mei-41 strain [35]. Statistical analysis was per-
formed according to the methods of Frei and Wiirgler
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[38], and Kastenbaum and Bowman [39]. To examine
whether mutated cells had proliferated, the distribution
of spot sizes, which are the numbers of mutant cells in a
spot, was analyzed according to the method of Graf et al.
[14], and expressed as the average or mode spot size.

Detection of apoptosis

DNA ladder assay

Twelve hours after treatment, approximately 50 wing
discs were dissected from larvae in Drosophila Ringer’s
solution (0.13 M NaCl, 5 mM KCl, and 2 mM CaCl,). The
obtained wing discs were placed into lysis buffer (50 mM
Tris—HCl (pH 7.5), 10 mM ethylenediaminetetraacetic
acid, and 0.5% sodium-N-lauroyl sarcosinate), and incu-
bated for 90 min at 50 °C. After treatment with RNase A
for 30 min at 50 °C, then with proteinase K for 30 min at
50 °C, the lysate was obtained and used for electrophore-
sis on a 2% agarose gel containing ethidium bromide. The
gel was analyzed by irradiation with a UV lamp.

TUNEL assay

The TUNEL method is widely used to detect apoptosis,
as DNA fragmentation can be detected in situ by labeling
the 3-OH termini of DNA strand breaks using termi-
nal deoxynucleotidyl transferase [40]. We detected DNA
fragmentation in apoptotic cells in the wing discs, both
in dissected wing discs and in 4-um sections of paraffin-
embedded larvae, by applying the modified TUNEL meth-
ods [41, 42] using the TdT-FragEL"™ DNA Fragmentation
Detection Kit (Oncogene Research Products, San Diego,
CA, USA). Wing discs dissected in Drosophila Ringer’s
solution were fixed with 10% formaldehyde in phosphate-
buffered saline (PBS) for 5 min. After being washed with
PBS containing 0.1% Triton-X, the wing discs were treated
with 10 pg/mL Proteinase K (Merk KGaA, Darmstadt,
Germany) for 10 min, then with H,O, for 5 min. The discs
were equilibrated in TdT Equilibration Buffer for 30 min,
and the 3’ ends of the DNA fragments were labeled with
biotin-bound deoxyribonucleotides for 3 h using terminal
deoxynucleotidyl transferase. After peroxidase-strepta-
vidin was conjugated to the labeled fragments, the wing
discs were stained using a 3,3’-diaminobenzidine tetra-
chloride/Nickel-Cobalt Kit (Zymed Laboratories Inc.,
San Francisco, CA, USA). Black spots on wing discs were
scored under a microscope (200 x). Approximately 10
discs were scored for each sample.

Paraffin-embedded samples were prepared according
to the methods of Fujikawa et al. [41]. The larvae were
cut into two halves after treatment. The head parts of
the larvae were fixed with 10% formaldehyde in Dros-
ophila Ringer’s solution, and embedded in paraffin.
Then, 4-pum sections were prepared from the paraffin-
embedded block, mounted on slides, and stained using
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the Apoptaq® Peroxidase In situ Apoptosis Detection
Kit (Sigma-Aldrich, Osaka, Japan) after removing the
paraffin from the glass slides. The sections were counter-
stained with hematoxylin and eosin. Apoptotic cells were
observed as dark brown spots. Stained sections were
microscopically inspected at a magnification of 1000 x .

AO staining

As AO is excluded from viable cells [43], it has been used
for the staining of Drosophila embryos and adult tissues
to detect dead or dying cells [13, 43]. AO staining is easy
and relatively fast to perform as fixation is not necessary
[44]. We also applied AO to detect dead or dying cells in
the wing discs. Dissected wing discs were soaked in 100
pL of 1 uM AO in Drosophila Ringer’s solution on a glass
slide for a few minutes, then green fluorescent spots on the
wing discs were scored under a fluorescence microscope at
200x. Approximately 10 discs were scored for each sam-
ple. When we examined apoptosis in two kinds of repair-
deficient flies (mei-9 and mei-41), only the wing discs of
male larvae were selected by confirming the mouth hook
color (dark brown) and gonadal shape, because only males
are repair-deficient in these strains, as described in the
“Drosophila strains” section of the Materials and Methods.

Detection of cell proliferation by labeling

with 5-bromo-2’-deoxyuridine (BrdU)

Cell proliferation was detected by a BrdU-labeling
method as described by Yamaguchi et al. [45, 46] with
minor modifications. The wing discs dissected from third
instar larvae were immediately incubated with 75 ug/mL
BrdU in Grace’s insect medium (Invitrogen, Tokyo, Japan)
for 30 min. These wing discs were fixed in Carnoy’s fixa-
tive (ethanol:acetic acid:chloroform = 6:1:3) for 15 min at
25 °C, and further fixed in 80% ethanol-50 mM glycine
buffer (pH 2.0) at -20 °C overnight. The incorporated
BrdU was detected using the BrdU Labeling and Detec-
tion Kit II (Roche Diagnostics, Basel, Switzerland). After
treatment with anti-BrdU antibody at 4 °C overnight,
BrdU was visualized by the reaction with anti-mouse
IgG-alkaline phosphatase for 1 h and a color substrate
solution (2.2 pL p-nitroblue tetrazolium chloride, 1.7 pL
5-bromo-4-chloro-3-indolyl phosphate, and 0.5 mL sub-
strate buffer (100 mM Tris—HCI (pH 9.5), 100 mM NacCl,
and 50 mM MgCl,)). These samples were mounted with
4% n-propyl gallate in 80% glycerol, and the level of BrdU
incorporation was scored under a microscope at 200 x .

Results
Detection of DNA fragmentation by the DNA ladder assay

The detection of DNA ladders on agarose gels is a classical
biochemical method to demonstrate apoptosis through
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nucleosomal fragmentation. We investigated whether
DNA ladders could be observed in samples prepared from
the larval wing discs at 12 h after irradiation with poly-
chromatic UV light (UVB). DNA ladders with increments
of 200 nucleotides were clearly observed when larvae were
irradiated at 17.1 kJ/m? and 34.2 kJ/m?; however, at these
UVB doses, the rates of survival until adulthood were 10%
and 0%, respectively (Supplemental Fig. 1). Therefore, it
was concluded that this method for detecting apoptosis is
not suitable for our aim, because we would not be able to
accurately examine mutations at these toxic doses. More-
over, this method is not quantitative, and much time is
needed to prepare the samples, as approximately 50 wing
discs are necessary to detect DNA ladders.

Detection of DNA fragmentation by the TUNEL assay

The TUNEL assay is widely used to detect apoptosis by
DNA fragmentation. We applied this method on Dros-
ophila larvae to detect DNA fragmentation in apoptotic
cells in situ. First, we examined whether apoptotic cells
could be detected in tissue sections prepared from par-
affin-embedded larvae. When the larvae were irradiated
with UV light (310-nm monochromatic UV light), we
could detect spots stained by TUNEL on wing disc sec-
tions, but they were not detected on non-irradiated wing
discs (Supplemental Fig. 2 (A)). As this method using
paraffin-embedded sections of larvae is qualitative and
not quantitative, we also applied the TUNEL assay on dis-
sected wing discs. TUNEL-positive cells were observed
as black clusters on the wing discs irradiated with X-ray,
and they increased with the X-ray dose; in contrast,
hardly any TUNEL-positive cells were observed on the
non-irradiated wing discs (Supplemental Fig. 2 (B)). We
scored these clusters to quantitatively determine the
apoptotic level. The number of clusters on the discs from
10-Gy-irradiated larvae increased over time after irradia-
tion, showing a peak at 12 h after irradiation, but no such
change was seen in the non-irradiated discs (Supplemen-
tal Fig. 3 (A), Supplemental Table 1). UV-light (310-nm
monochromatic UV) irradiation resulted in an apoptosis
profile similar to that induced by X-ray irradiation (Sup-
plemental Fig. 3 (B), Supplemental Table 2).

Detection of apoptosis by AO staining

For the detection of apoptotic cells, AO staining is easier
to perform than the TUNEL assay since the wing discs
do not have to be fixed. Results can be obtained quickly
(within only a few minutes) by staining the wing discs on
a glass slide, making it a more convenient method. Clus-
ters of apoptotic cells were seen as spots of green fluo-
rescence (Fig. 2). After the larvae were irradiated with
polychromatic UV light (peak at 312 nm), hardly any
fluorescent spots were observed just after irradiation was
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stopped (0 h), but they appeared and increased gradu-
ally over time as the larvae were incubated in the dark.
In wild-type Drosophila, the fluorescent spots could
be counted until 24 h after irradiation, and the number
of spots reflected the intensity of apoptosis; following
irradiation, the number of fluorescent spots increased,
peaked at 12 h, and subsequently decreased. A similar
profile of AO-stained spots was also observed with 310-
nm monochromatic UV-light irradiation as well as with
X-ray irradiation. In the controls (0 h, 0 Gy, or 0 J), the
number of clusters of AO-stained apoptotic cells was
low when compared to that of the apoptotic cell clusters
detected by the TUNEL assay. The profile of apoptosis
was similar to that observed in the TUNEL assay, ie.,
the number of apoptotic cells increased at 6 to 12 h, then
decreased. From the results comparing the AO-staining
method to the TUNEL assay, the AO-staining method
appeared to be more sensitive for detecting apoptosis
than the TUNEL assay (Supplemental Fig. 3). AO stain-
ing was found to be the easiest, quickest, and most sen-
sitive method for determining in situ the profiles of
apoptosis induced by treatments with mutagenic factors.

18 h

Fig. 2 Detection of apoptosis by the AO-staining method. The wing discs were dissected from wild-type larvae (mwh/flr) that were irradiated with
polychromatic UV light (peak at 312 nm) at 10 kJ/m? according to the time schedule shown in (A). The dissected discs were soaked in Drosophila
Ringer’s solution containing AO for a few minutes, then the fluorescent spots were observed (B). The indicated times are the time periods for which
the larvae were kept in the dark after irradiation was stopped

24 h

Therefore, in this study, we adopted the AO-staining
method of detecting apoptosis to investigate the relation-
ship between mutation and apoptosis.

Apoptosis and mutation induced by chemical mutagens

When we previously examined the mutagenicity of
N-nitroso compounds using the wing-spot test, meth-
ylating agents showed a much stronger mutagenic
effect than ethylating agents [30]. When we examined
apoptosis in wing discs by scoring the AO-stained clus-
ters, a remarkably stronger apoptotic effect was seen
with NDMA than NDEA (Table 1). Similar results were
obtained from the comparison between MNU and ENU,
i.e, MNU showed a stronger apoptotic effect than ENU
(Table 2). Aflatoxin B, is a strong mutagen in the Ames
test; however, it was not so mutagenic in Drosophila,
and weakly induced apoptosis (Table 3). In general, the
number of apoptotic clusters increased, peaked at 12 h
after the treatment was stopped, and decreased gradu-
ally thereafter, except for when a strong toxic effect was
observed. When the average number of AO-stained clus-
ters at 12 h post-treatment was plotted against the total
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number of spots per wing from the data in Tables 1, 2,
and 3, we found that the apoptosis induction potency
and mutagenicity were correlated in a linear relationship,
as shown in Fig. 3 (A), although apoptosis appeared to
become saturated at the highest mutagenicity (MNU at
10 mM). When the numbers of AO-stained clusters were
combined from 0 to 24 h as the total number of apoptotic
clusters induced during 24 h after treatment, then plot-
ted against the mutagenicity, the relationship between
apoptosis and mutation was similar to that determined
using the data of apoptotic clusters at 12 h post-treat-
ment (Fig. 3 (B)) or 6 h post-treatment (data not shown).
Therefore, we decided to use the number of AO-stained
clusters obtained at 12 h post-treatment as the value of
the apoptosis induction potency.

We also examined whether exposure to cigarette
smoke, i.e, a mixture of chemical mutagens and car-
cinogens, induces apoptosis in Drosophila larvae. We
reported previously that exposure to cigarette smoke
induced mutation in an oxidative damage-sensitive
strain (y v ma-I[), but not in a wild-type strain (Oregon-R)
[33]. Apoptosis was weakly, but significantly (P<0.005)
induced even at 6 h post-exposure in the oxidative
damage-sensitive strain, but not in the wild-type strain
(Table 4).

Apoptosis and mutation induced by UV irradiation

Previously, we reported on the somatic cell mutations
induced by UV irradiation using the Drosophila wing-
spot test [34, 35]. We used polychromatic UVB (peak at
312 nm) and monochromatic UV light (310, 320, 340,
and 360 nm) as UV light sources. The Drosophila strains

(A)
400
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Table 1 Apoptosis and mutation induced by NDMA and NDEA
for 3 h in wild-type Drosophila (mwh/flr)

control NDMA (pmol/dish) NDEA (umol/dish)

0 10 30 30 80

Apoptosis (number of clusters stained with AO/disc)

Time post-
treatment (h)
0 148+ 17 2974171 4294168 249+£111 4114211
6 144+ 71 7914379 11214522 4594189 7684268
12 21.04+£125 1547+700 24484564 518+ 96 12904354
18 156+ 84 1889+61.7 1709+615 7194360 14644461
24 2354101 6064274 14194404 381+£90 15344366
Mutation (number of total spots/wing)

0.53 5.39** 10.6%* 2.13** 3.35%
Survival (%)

100 134 94.6 922 52.7

" P<0.01, a significant difference from the corresponding control (without
treatment)

used included two wild-type strains (mwh/flr and mei*),
three excision repair-deficient strains (mus201, mei-9 and
mus201; mwh/flr), and a post-replication repair-deficient
strain (mei-41).

Figure 4 shows the profile of apoptosis after poly-
chromatic UVB irradiation in the wild-type Drosophila.
The number of AO-stained clusters increased dose-
dependently, peaking at 12 h, then decreasing at every
dose from 0 to 10 kJ/m? (Fig. 4 (A)). The dose-depend-
ency of the AO-stained clusters both at 6 h and 12 h
post-irradiation is shown in Fig. 4 (B) and (C), respec-
tively. The number of AO-stained clusters appeared

(B)

4000
o S ©®
o “R2=0.7746
@< 3000 ;
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Fig. 3 The relationship between mutagenicity and apoptosis in third instar larvae of wild-type (mwh/flr) treated with chemical mutagens as
described in the Materials and Methods. The numbers of stained clusters were taken from Tables 1, 2, and 3. (A) The numbers of clusters per wing
disc at 12 h post-treatment. (B) The total numbers of clusters per wing were integrated from the data from 0 to 24 h post-treatment. R? is the
correlation coefficient of the linear approximation. When the approximate curves were drawn from the scatter diagrams after the removal of the
data for 10 mM MNU (toxic dose), the R? was 0.9155 at 12 h post-treatment, and 0.904 for the 24-h integrated data
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Table 2 Apoptosis and mutation induced by MNU and ENU for
6 h in wild-type Drosophila (mwh/flr)

control MNU (pmol/dish) ENU (pmol/dish)

0 3 10 10 30

Apoptosis (number of clusters stained with AO/disc)

Time post-
treatment (h)
0 286110 7464305 95.74+19.1 5464207 6084227
6 548+189 22314742 2748+1106 18024586 289.5+743
12 787+267 199.7+666 316.1+854 20194+66.1 263.7+865
18 3524128 11894809 256.7+91.1 1174£424 16231467
24 4134£190 11684466 196.7 £54.2 1214£39.2 1602+67.7
Mutation (number of total spots/wing)

049 7.96** 286 10.2%* 15.0%
Survival (%)

100 100 449 832 77.

" P<0.01, a significant difference from the corresponding control (without
treatment)

Table 3 Apoptosis and mutation induced by aflatoxin B, for 6 h
in wild-type Drosophila (mwh/flr)

Aflatoxin B; (nmol/dish)

0 50 100 500

Apoptosis (number of clusters stained with AO/disc)

Time after the treatment
was stopped (h)

0 286+110 565+£253 526+£220 872+£275
6 548+189 6034283 833%34.1 9444346
12 7874267 7024156 773£195 11624297
18 3524128 468+£106 532+£129 103.0%41.1
24 413+£190 284£103 5384227 5914275
Mutation (number of total spots/wing)

049 0.84* 1.14% 1.92%
Survival (%)

100 101 102 99.1

" P<0.05, a significant difference from the control (without treatment)

to become saturated at high doses. When the data of
the 10 kJ/m? condition were removed, the relationship
between apoptosis and the UV dose showed a more lin-
ear equation at 6 h (R?=0.9483) and 12 h (R>=0.9914).
When mutation was observed in the same lot of wild-
type flies in which apoptosis was observed after the
polychromatic UVB irradiation, as shown in Fig. 5 (A)
and (B), we found that the apoptosis induction potency
and mutagenicity were well-correlated in a linear rela-
tionship (R?=0.9934), similar to the case of chemical
mutagens.

To observe the effect of DNA repair deficiency on
the induction of apoptosis and mutation due to UV
light irradiation, we performed experiments using a
NER-deficient Drosophila strain (mus201 and mus201;
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Table 4 Apoptosis and mutation induced by exposure to
cigarette smoke (CS) for 6 h in wild-type Drosophila (Oregon-R)
and oxidative damage-sensitive strain Drosophila (y v ma-)

Strain Oregon-R yvma-|

Time of 0 6h 0 6h
exposure

to CS

Apoptosis (number of clusters stained with AO/disc) ¢

Time post-

exposure (h)

0 269+£113 2414125 306+£109 190+ 82
6 227+ 96 277+£216 263+138 4134296
12 199+ 58 232+137 221+ 97 4144199
18 213+ 87 2694+11.0 191+ 82 3244146
24 184+ 95 240+£132 215+ 92 248+ 94

a:The number of discs scored was 30. Ten discs were counted for each
experiment, and three independent experiments were performed

mwh/flr for the wing spot test). When mus201 larvae
were irradiated with polychromatic UVB light, AO-
stained fluorescent spots were observed on wing discs
(Fig. 6). Apoptotic clusters immediately and continu-
ously increased dose-dependently, and the discs lost
their shapes at low UV doses that were non-toxic for
wild-type Drosophila. The number of apoptotic clus-
ters increased time-dependently after treatment at 1
and 2.5 kJ/m? (Supplemental Fig. 4 (A)). At 1 kJ/m?
the number of AO-stained clusters increased continu-
ously, and unlike in the wild-type Drosophila, it did not
decrease thereafter; at 2.5 kJ/m?, the discs lost their
shapes after 12 h. As shown in Fig. 5 (C) and (D), we
also found that the apoptosis induction potency and
mutagenicity were well-correlated in a linear relation-
ship (R2=0.9991) even in the NER-deficient strain
at non-toxic doses. At the highest dose (1.3 kJ/m?) in
Fig. 5 (C), there were hardly any AO-stained clusters to
score due to the toxicity, and we could not score mutant
spots due to the lethality (Supplemental Fig. 4 (C)).
Monochromatic UV light also resulted in a profile
of apoptosis similar to that of polychromatic UV light
at every wavelength tested, except for 360 nm, in the
wild-type Drosophila (Table 5). Interestingly, the apop-
totic events appeared to occur just after irradiation was
stopped, independently of the irradiation period, at each
wavelength tested (30 min with 310-nm light, or 6 h with
other wavelengths of light). The intensity of the apoptotic
effect of the 330- and 340-nm light was lower than that
of the 310- and 320-nm light, although the fluence of the
330- and 340-nm light was higher than that of the 310-
and 320-nm light (Fig. 7 (A)). Simultaneously, we scored
the mutagenicity of each wavelength (Table 5). The muta-
genicity of the 330- and 340-nm light was significantly
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Fig. 4 Apoptosis on wild-type (mwh/flr) wing discs induced by irradiation with UVB using four fluorescent lamps (peak at 312 nm). (A) The number
of AO-stained clusters induced by irradiation at 0 kJ/m? (open triangles), 0.15 kJ/m? (closed triangles), 1 kJ/m? (open diamonds), 2.5 kJ/m? (closed
diamonds), 5 kJ/m? (open circles), and 10 kJ/m? (closed circles). (B) and (C) The UV-dose dependency of apoptosis at 6 h post-exposure (B) and 12 h
post-exposure (C). Apoptosis is shown as the number of clusters stained by AO. The values of R> were obtained by a linear approximation method

lower than that of the 310- and 320-nm light, and the
360-nm light showed no mutagenicity. The number of
clusters per disc (apoptosis) was extremely well-corre-
lated with the total spots per wing (mutagenicity) in a lin-
ear equation (Fig. 7 (B)), but it was not correlated with
the UV fluence, i.e, the energy of the 310-nm light was
much smaller than that of the light with a wavelength of
320 nm and over. When the apoptosis induction potency
and mutagenicity were normalized by the UV fluence,
their action spectra were parallel (Fig. 7 (C)).

When we used the NER-deficient strain mus201; mwh/
fir, the profile of apoptosis and the relationship with
mutation differed from those of the wild-type Drosophila
(Table 6 and Fig. 8). The number of AO-stained clusters
increased continuously over 24 h post-irradiation with
310-nm light, and the shape of the discs collapsed in a
post-irradiation time-dependent manner. With the irra-
diation of 320- and 330-nm light, apoptosis increased,
then decreased; in contrast, no obvious apoptosis was
detected with the irradiation of 360-nm light. No correla-
tion was seen between the apoptosis induction potency
and mutagenicity at every wavelength tested, unlike in
the wild-type Drosophila (Fig. 8 (B)). The action spec-
trum of the apoptosis induction potency was not par-
allel to that of mutagenicity, unlike in the wild-type

Drosophila (Fig. 8 (C)). When we used another NER-
deficient strain, mei-9, the profile of apoptosis induced
by UV differed from that in mus201. In mei-9, apopto-
sis increased in a post-irradiation time-dependent man-
ner at every wavelength tested (310 to 360 nm), except
in the non-irradiated samples (Supplemental Fig. 5 (A)).
In contrast, in the post-replication repair-deficient strain
mei-41, apoptosis increased, then decreased in a simi-
lar manner as in the wild-type Drosophila (Supplemen-
tal Fig. 5 (B)), differently from the profile of apoptosis at
polychromatic UVB irradiation, where AO-staining clus-
ters increased continuously (Supplemental Fig. 4 (B)).

Apoptosis and mutation induced by X-ray irradiation

To investigate whether X-ray irradiation induces muta-
tion and/or apoptosis at non-toxic doses, we examined
the effects of 0 to 15 Gy of irradiation on wild-type flies.
Apoptosis was detectable even at 3 h after irradiation,
and it increased until 12 h, then decreased. With 2.5 Gy
of irradiation, apoptosis decreased to a level similar to
that observed in non-irradiated larvae at 24 h (Fig. 9 (A)).
There was a correlation between the number of apoptotic
clusters at 12 h and the number of mutant spots, simi-
lar to other mutagenic factors (Fig. 9 (B); R*=0.9594).
When we used NER-deficient strain, mus201, apoptosis
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Fig. 5 Effects of polychromatic UVB irradiation on the wild-type and NER-deficient Drosophila. (A) The number of AO-stained clusters induced by
UVB-irradiation at 0 kJ/m? (open triangles), 1 kJ/m? (closed triangles), and 5 kJ/m? (closed circles) in wild-type larvae (mwh/flr). (B) The relationship
between the number of AO-stained clusters per wing and total spots per wing at each UV dose in the wild-type flies (symbols are the same as in
panel (A)). (C) The number of AO-stained clusters induced by UVB-irradiation at 0 kJ/m? (open triangles), 0.13 kJ/m? (closed diamonds), 0.52 kJ/m?
(closed triangles), and 1.3 kJ/m? (closed circles) in NER-deficient larvae (mus201; mwh/fir). (D) The relationship between the number of AO-stained
clusters per wing and total spots per wing at each UV dose in the NER-deficient flies (mus201; mwh/flr) (symbols are the same as in panel (C))

increased and decreased in the similar manner to wild-
type (Supplemental Fig. 6 (A)). In contrast, in the post-
replication repair-deficient strain mei-41, apoptosis
increased continuously (Supplemental Fig. 6 (B)). These
profiles of apoptosis reflected the toxicity (Supplemental
Fig. 6 (C)).

Distribution of spot sizes after treatment with MNU, UV,
and X-ray

In the wing-spot test, the number of mutant cells con-
tained in a spot, which is referred to as the spot size, indi-
cates the frequency of cell division [14]. To investigate
the relationship between apoptosis and mutated cell pro-
liferation, we analyzed the spot size, and calculated the
average and mode of the spot size from the approxima-
tion curve of spot size fitted by the polynomial approxi-
mation at each dose of the mutagens after treatment
with MNU, UV, or X-ray. As shown in Fig. 10, the spot
size became larger with increasing MNU dose; the aver-
age of the spot size was estimated to be 3.6 at 2 mM, and

4.1 at 6.7 mM, and the mode of the spot size was 1.8 at
2 mM, and 2.2 at 6.7 mM (Fig. 10 (B)). These spot sizes
were well-correlated with the number of apoptotic clus-
ters (Fig. 10 (C)). In contrast, with UV irradiation, the
spot size distribution remained fairly constant regard-
less of the experimental conditions, i.e,, it was unrelated
to the UV dose and wavelength (Fig. 11 (A) and (B)). The
mode of the spot size estimated from the approximation
curve was the same (1 at 310 nm, and 0.8 at 340 nm) at
the two UV doses of each wavelength (Fig. 11 (C) and
(D)). Even in the different kinds of repair-deficient Dros-
ophila strains, the spot size did not change at every UV
wavelength tested (Supplemental Fig. 7 (A) and (B)).

In the case of X-ray irradiation (Fig. 12 (A)), the
spot size became markedly larger when the X-ray dose
was higher, implying that higher doses of irradiation
induced higher levels of proliferation. When we esti-
mated the average and mode of the spot size from the
approximation curve of the spot size fitted by the poly-
nomial approximation at each X-ray dose (Fig. 12 (B)),
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Fig. 6 Photos of wing discs stained with AO that were dissected from the NER-deficient larvae (mus207). The NER-deficient larvae (mus207) were
irradiated with polychromatic UVB. The horizontal line shows the wing discs from larvae 12 h after irradiation at 0 to 10 kJ/mZ The vertical line

shows the wing discs from larvae kept for the indicated times after irradiation at 2.5 kJ/m?

Table 5 Apoptosis and mutation induced by monochromatic UV light in wild-type Drosophila (mwh/flr)

Wavelength (nm)

Control 310 320 330 340 360
Fluence (kJ/m?) 0 14 305 419 406 477
Apoptosis (number of clusters stained with AO/disc)
Time post-exposure (h)
0 221486 253474 3671178 317115 3374223 313+78
6 - 166.6+45.8 14294380 575+150 448+£110 286+7.7
12 - 18434244 90.5+24.3 555+109 445+£128 287+85
18 235483 1173+£46.3 66.7+ 178 418+10.2 283469 198451
Mutation (number of total spots/wing)
0.34 4.17%* 3.35%* 1.32%* 0.79%** 0.55
The number of AO clusters at 6 h/wing/kJ/m? x 107
- 11.9 0.468 0.137 0.110 0.060
Total spots/wing/kJ/m? x 107
- 29.8 1.10 0315 0.195 0.115

"Pp<0.01,a significant difference from the control (without irradiation)

both the average and mode of the spot size showed a
good correlation with the number of clusters stained
with AO, as shown in Fig. 12 (C). From these results,
we consider that the mutated cells induced by MNU or
X-ray irradiation could proliferate in parallel with the

increase in apoptotic cell death, but that the mutated
cells induced by UV irradiation could not.

To explore how these mutagens affect cell proliferation
in the wing discs of third instar larvae, we measured the
incorporation of BrdU in the larval wing discs after X-ray
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Fig. 7 Apoptosis and mutation induced by monochromatic UV light in wild-type Drosophila (mwh/flr). Apoptosis was determined by the number
of clusters stained with AQ. (A) The profiles of apoptosis induced by monochromatic UV irradiation with 310-nm light at 14 kJ/m? (closed circles),
320-nm light at 305 kJ/m? (open circles), 330-nm light at 419 kJ/m? (closed triangles), 340-nm light at 406 kJ/m? (open triangles), 360-nm light at
477 kJ/m? (closed diamonds), or no irradiation (cross). (B) The relationship between the number of AO-stained clusters per wing and total spots per
wing at each wavelength (symbols are the same as in panel (A)). The values of R? were obtained by a linear approximation method. (C) The action
spectra of the mutagenicity were determined as the total spots per wing normalized by the UV fluence (open circles) as described previously [47],
and apoptosis inducibility was determined as the number of clusters per wing disc at 6 h normalized by the UV fluence (closed circle)

Table 6 Apoptosis and mutation induced by monochromatic UV light in NER-deficient Drosophila (mus201; mwn/flr)

Wavelength (nm)

Control 310 320 330 340 360

Fluence (kJ/m?) 0 093 10 302 315 330
Apoptosis (number of clusters stained with AO/disc)
Time post-exposure (h)

0 - 4994154 365+ 9.7 60.2+£324 576£17.2 62.6+254
6 49.14+18.1 86.3+£63.9 59.0£30.8 11464463 764+£224 4414207
12 546+ 79 131.2+616 80.0£345 12254544 602+219 37.8+£180
18 294464 11684833 60.0+30.7 863+46.2 78.7 £32.1 3484121
24 255+86 129.0+46.0 5544318 7861235 60.2+249 345+17.2
Mutation (number of total spots/wing)
0.53 2.30% 1.47%* 1.02%* 0.76** 0.82*
The number of AO clusters at 6 h/wing/kJ/m?
- 92.8 5.90 0.379 0.243 0.134
Total spots/wing/J/m?
- 2473 0.147 0.00338 0.00241 0.00248

" P<0.05, **P<0.01, a significant difference from the control

irradiation. Because larval disc cells proliferate effi- apoptosis was readily detectable, the proportion of discs
ciently, wing discs from larvae without radiation incor-  with active BrdU incorporation decreased, and it con-
porated a significant amount of BrdU over a 24-h period  tinued to decrease until 12 to 18 h post-irradiation, sug-
(Fig. 13 (A). In contrast, the incorporation of BrdU in  gesting that cell proliferation had stopped in these discs.
discs from larvae irradiated with 15 Gy appeared to vary  However, at 18 to 24 h post-irradiation, we observed
with time after irradiation. At 6 h post-irradiation, when  clusters of cells that were positive for BrdU in the discs
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Fig. 8 Apoptosis and mutation induced by monochromatic UV light in NER-deficient Drosophila (mus201; mwh/flr). (A) The profiles of apoptosis
induced by UV irradiation with 310-nm light at 0.93 kJ/m? (closed circles), 320-nm lightat 10 kJ/m? (open circles), 330-nm light at 302 kJ/m? (closed
triangles), 340-nm light at 315 kJ/m? (open triangles), 360-nm light at 330 kJ/m? (closed diamonds), or no irradiation (cross). (B) The relationship
between the number of AO-stained clusters per wing and total spots per wing at each wavelength (symbols are the same as in panel (A)). (C) The
action spectra of the mutagenicity determined as the total spots per wing normalized by the UV fluence (kJ/m?), and apoptosis inducibility (open
circles), which was determined as the number of clusters per wing disc at 6 h normalized by the UV fluence (kJ/m?; closed circles)
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Fig. 9 Effects of X-ray irradiation on wild-type Drosophila (mwh/flr). (A) Appearance of AO-stained clusters on wing imaginal discs after radiation
at 2.5 Gy (open diamonds), 5 Gy (closed diamonds), 10 Gy (open circles), and 15 Gy (closed circles). Crosses show the data of the non-irradiated
samples. (B) The relationship between the number of AO-stained clusters per wing and total spots per wing. The values of R? were obtained by a
linear approximation method

(Fig. 13 (A)), suggesting that at least some cells in the Discussion

discs had started to proliferate again. The distribution It is well-documented that apoptosis, as a programmed
of wing discs according to the level of BrdU incorpora-  cell death process, plays important roles in the devel-
tion is shown in Fig. 13 (B). When larvae were irradiated ~ opment of multicellular organisms, including Drosoph-
with UV, the BrdU-incorporation level did not obviously  ila [13]. However, the relationship between apoptosis
change at the different time points after irradiation (data ~ and mutation following DNA damage, and the involve-
not shown). ment of DNA repair in apoptosis remain unclear. It is
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spot size (solid lines) or the average of the spot size (dotted lines). The concentrations of MNU were 2 mM (black circles) and 6.7 mM (gray circles)

important to investigate the relationship between apop-
tosis and mutation to gain a better understanding of
the defense system against DNA damage. In this study,
we investigated whether the occurrence of apoptosis is
involved in the induction of somatic cell mutations due
to various mutagenic factors, such as chemical muta-
gens, UV light, and X-ray, in Drosophila. In addition,
we also examined how apoptotic events are correlated
with cell proliferation.

In the wild-type Drosophila larvae treated at non-toxic
doses of mutagens, apoptosis began to increase just after
treatment was stopped (0 h), peaked at 6 to 12 h, then
decreased to levels close to those of the non-treated con-
trols at 24 h. In Drosophila, as cell division occurs only at
the embryo, imaginal disc cells in larva and stem cells of
adult fly, it is considered that mutagenic reactions against
DNA damage should have been completed by 24 h in
the third instar larvae used in this study. The apoptosis-
induction level showed a good correlation with the doses
of the mutagenic factors. As was expected, a good rela-
tionship was found between apoptosis and somatic cell
mutation, determined as the total spots/wing, at non-
toxic doses of the mutagens. In the experiment with

monochromatic UV light, the number of AO-stained
clusters observed on wild-type larval wing discs showed a
linear correlation with the number of total spots, regard-
less of the wavelength (Fig. 7 (B)), and the action spec-
tra of apoptosis and mutation were parallel (Fig. 7 (C)).
These data suggest that the reaction against DNA dam-
age, leading to mutation or apoptosis, occurs in a similar
manner at every wavelength. Even in the NER-deficient
Drosophila, the good correlation between apoptosis and
mutation was observed (Fig. 5 (D)), although the slope of
the approximate line became less steep when compared
to that of the wild-type Drosophila. These results indicate
that mutagenic events were more frequent in the NER-
deficient Drosophila than in the wild-type Drosophila at
the same level of apoptosis, suggesting that the balance
between the apoptosis induction potency and muta-
genicity varies depending on the repair system of DNA
damage. When larvae could not repair DNA damage
due to the lack of repair system, larvae might intend to
be mutated to survive. When we observed the induc-
tion of apoptosis due to irradiation with monochromatic
UV light from 310 to 360 nm in the NER-deficient Dros-
ophila, the profiles of apoptosis differed from those in
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Fig. 11 Distribution of mutant spot sizes on the wings from larvae irradiated with monochromatic UV light. (A) Wild-type larvae (mwh/flr) were
irradiated with 310-nm light at 12.9 kJ/m? (black bars) and 25.7 kJ/m? (gray bars), or no irradiation (white bars). (B) Wild-type larvae (mwh/flr) were
irradiated with 340-nm light at 267 kJ/m? (black bars), 531 kJ/m? (gray bars), or no irradiation (white bars). (C) Approximation curves of the spot size
fitted by the polynomial approximation for 310-nm light at 12.9 kJ/m? (black line) and 25.7 kJ/m? (gray line). The mode of the spot size (1.0) was
calculated from each polynomial approximation curve after the subtraction of the spot number without irradiation. (D) Approximation curves of
the spot size fitted by the polynomial approximation for the irradiation with 340-nm light at 267 kJ/m? (black line) and 531 kJ/m? (gray line). The
mode of the spot size (0.8) was calculated from each polynomial approximation curve after the subtraction of the spot number without irradiation

wild-type Drosophila; in particular, at 310 nm, apoptosis
increased continuously. When we separated the wave-
lengths into shorter (310 and 320 nm) and longer (330
and 340 nm) wavelength groups, we found good cor-
relation coefficient for the relationship between apop-
tosis and mutation at each wavelength group, that is,
0.9964 in the shorter wavelength group and 0.9129 in
the longer wavelength group, respectively, although we
found no relationship between apoptosis and mutation if
not separated. This difference was reflected in the action
spectra, i.e., the curves for mutation were not parallel to
those for apoptosis. It is possible that there is a tendency
for apoptosis to be the response for damage due to 310-
and 320-nm light, and for mutation to be the response
for damage due to 330- and 340-nm light (Fig. 8 (C)).
The balance between apoptosis and mutation seems to
depend on whether there is a lack of DNA damage repair.
When we used another NER-deficient strain, mei-9, the
profile of apoptosis induced by UV differed from that in

mus201. Although we have no data to explain why there
was a difference between mus201 and mei-9, the differ-
ence may be due to some native property of each strain,
i.e., it might be due to differences in the roles of the defi-
ciencies in the repair pathway, since mus201 is a homo-
logue of XPG and mei-9 is a homologue of XPF [48].
When we used mei™ as a wild-type strain, the profile of
apoptosis was similar to that of the wild-type mwh/flr
flies (data not shown). When we performed experiments
using an NER-deficient strain (mei-9) and ATR-deficient
strain (mei-41), apoptosis occurred in a different manner
in each strain (Supplemental Fig. 5). In the mei-9 strain,
apoptosis increased continuously with irradiation at 310,
320, and 340 nm, but at 330 and 360 nm, it decreased
after initially increasing. In contrast, in the mei-41 strain,
apoptosis increased, then decreased at all wavelengths
tested, similar to the results of the wild-type Drosophila.
These results are considered to reflect the different kinds
of damage caused by the shorter and longer wavelengths,



Toyoshima-Sasatani et al. Genes and Environment (2023) 45:11

Page 16 of 20

(A) (B)
1.6 1.6
= 14 }
[ s
> 1.2 € 12 |56
£ 5 y
7 2 4t N
ﬂ o
S c
o 08 $ 08} \
K] 2]
] b3
o 2 0.6
0.4 K 0.4
° 02}
0 0 - S
0 1 2 3 4 5 6 7 o 1 2 3. X
Spot size (2%) Spot size (2¥)
400
(C) % 156y ;7
3 300 7
& 10 G ."
3 200 y
o /
S 100 | €5 ®
o
4 0 | | | |
1 2 3 4 5 6
Spot size (2¥)

Fig. 12 (A) Distribution of mutant spot sizes observed on the wings from the experiments described in Fig. 9. The numbers of total spots shown
are from larvae irradiated at 15 Gy (gray bars), 10 Gy (dark bars), 5 Gy (black bars), or 0 Gy (no irradiation; white bars). (B) Approximation curves of the
spot size fitted by the polynomial approximation for the irradiation at 5 Gy (black line), 10 Gy (dark line), and 15 Gy (gray line). The mode of the spot
size (solid arrows; 1.6 for 5 Gy, 2.3 for 10 Gy, and 3.3 for 15 Gy) and the average of the spot size (dotted arrows; 3.8 for 5 Gy, 4.4 for 10 Gy, and 5.1 for
15 Gy) were calculated from each polynomial approximation curve after the subtraction of the spot number without irradiation. (C) The relationship
between the number of AO-stained clusters per wing and the mode of the spot size (solid lines) or average of the spot size (dotted lines). The X-ray
doses were 5 Gy (black circles), 10 Gy (dark circles), and 15 Gy (gray circles)

and appear to be in-line with those of our previous
report, in which we showed that the mutagenic damage
induced by UV light with a shorter wavelength differed
from that with a longer wavelength [35]. Light at 310 to
320 nm induces DNA damage that is subject to NER. On
the other hand, light at 330 to 360 nm causes damage
that is recognized by a cell-cycle checkpoint, the ataxia-
telangiectasia-mutated (ATM) and ataxia telangiectasia
and Rad3-related (ATR) checkpoint, and the damage can
be repaired by post-replication repair, but not by NER.
Recently, we revealed that 365-nm light from a light-
emitting diode caused oxidative damage that resulted in
DNA recombination due to double-strand breaks, which
should be repaired by the ATM pathway [49].

With X-ray irradiation, there was a correlation between
apoptosis and somatic cell mutation (Fig. 9 (B)). Hay-
nie and Bryant have reported that higher X-ray doses
resulted in a decrease in the total number of cells in wing
discs, while the total cell number did not change at lower
X-ray doses [50], and they also observed pycnotic cells
on wing discs at 12 h after X-ray irradiation. The pyc-
notic cells appear to be the same cells as the apoptotic
cells seen in this study. In the wing-spot test, the number

of mutant cells in a spot, i.e., the spot size, reflects the
number of cell divisions after mutagenic events [14].
In the experiment with X-ray irradiation, the spot size
increased with increasing X-ray dose, and the number of
AO-stained clusters showed a good correlation with the
spot size (Fig. 12). Similarly, the spot size increased after
MNU treatment (Fig. 10), however, in the UV exposure
the spot size distribution unchanged even when muta-
tion increased in parallel with the increase of UV dose
(Fig. 11). These results suggest that the mutated cells pro-
liferated and expanded to fill the space left by the cells
that were removed by apoptosis after the treatment with
MNU or X-ray irradiation.

The analysis of BrdU incorporation showed that cell
proliferation was inhibited at 6 h, with peak inhibition
at 12 h after X-ray irradiation, and that the cells started
to proliferate again at 24 h post-irradiation (Fig. 13). This
is in agreement with a report by Brodsky et al. [51], in
which ionizing radiation stopped cell division through
G2 arrest transiently. In addition, our data are supported
by the notion proposed by Kondo [52] that cell replace-
ment repair occurs in injured tissue. Ryoo et al. [53]
and Martin et al. [54] showed that apoptotic cells could
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Fig. 13 Analysis of cell proliferation. (A) BrdU-incorporated wing discs after X-ray irradiation in wild-type Drosophila (mwh/flr). Black spots show
the areas with incorporated BrdU. Discs appear typical at each time point in the absence of irradiation (0 Gy) and post-irradiation (15 Gy). (B) The
level of BrdU incorporation after irradiation. Wing discs were grouped according to the level of BrdU incorporation:+ + + indicates the level of
the non-irradiated stained disc shown in (A); 4+ +,+, and—indicate the discs at 3, 24, and 12 h after 15-Gy irradiation, respectively, shown in (A).
Approximately 20 discs were observed and classified into four groups for each time point

induce compensatory cell proliferation through signals
produced by some genes, such as wingless. Therefore, we
propose that apoptosis is correlated with the suppres-
sion of cell growth and the proliferation of mutated cells
through the replacement of mutated cells in Drosophila,
as shown in Fig. 14. Although they did not discuss which
cells were involved in cell replacement repair in injured
tissue, there is a possibility that the mutated cells receive
signals to proliferate as a result of X-rays or MNU, but
not UV. Further studies are needed to elucidate the
mechanism of cell replacement induced by X-rays and
MNU, but not by UV.

In Drosophila, apoptosis is necessary for normal devel-
opment, and it is well-established that caspases play

indispensable roles in developmentally regulated apop-
totic events. To date, seven caspases that function in
Drosophila development have been identified [55, 56].
Their functional properties correspond to those of some
mammalian caspases. In the present study, we inves-
tigated the activity of DRIC (DEVDase), which corre-
sponds to mammalian caspase-3, as an effector caspase
(executioner caspase) [57], and IETDase, which was
identified as the Drosophila homologue (DREDD) of the
mammalian initiator caspase-8 [58]. Their activities did
not change significantly with increasing apoptosis after
X-ray or UV irradiation (data not shown). Although we
were unable to identify which caspase(s) are involved
in X-ray or UV-induced apoptosis in Drosophila,
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Fig. 14 A schematic diagram showing the process from the induction of cell damage to the formation of a cluster of mutated cells (spot). After
treatment with a mutagenic factor, such as X-ray irradiation, damaged cells are considered to undergo mutation or apoptosis. The mutated cells
proliferate and fill the empty areas left by the removed apoptotic cells, forming a cluster of mutated cells, i.e, a spot

caspases other than those examined in this study might
be required for cell damage-induced apoptosis. Recently,
the function of p53 in DNA damage-induced apopto-
sis has been proved, as reviewed by Zhou [59]. Further
studies are required to determine how caspases and their
regulatory gene products are involved in cell damage-
induced apoptosis and mutation in Drosophila.

Conclusions

In this study, we showed that AO staining is one of
the most suitable in situ methods for detecting apop-
tosis in Drosophila wing discs, because it enabled the
continuous observation of time-dependent changes in
apoptosis after treatment with mutagens. At non-toxic
doses in wild-type Drosophila, apoptosis started to
increase just after the treatment was stopped, peaked at
6 to 12 h, then decreased to levels close to those of the
non-treated controls at 24 h. The intensity of apoptosis
induced by mutagenic factors showed a good correla-
tion with the mutagenicity detected in the wing-spot
test at non-toxic, but mutagenic doses. From these
results, DNA damage-induced apoptosis and mutation
appear to be coordinated with each other. From the
analysis of spot size and BrdU uptake, we propose that
mutant spots on wings might be formed by the replace-
ment of apoptotic cells with mutated cells after expo-
sure to some mutagens, such as X-ray irradiation and

MNU. In the case of UV light, the incidence of apopto-
sis was also correlated with mutation, but no expansion
of mutated cells was observed. It remains to be investi-
gated why these differences between mutagenic factors
occur.

From our data, we consider that the induction of
mutation, apoptosis, and/or cell growth varies in multi-
cellular organisms depending on the type of the muta-
gens, and that their balance and coordination have an
important function in cell and tissue maintenance for
the survival of the organism.
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